Buchnera, the primary bacterial endosymbiont of aphids, is known to provision essential amino acids lacking in the hosts' diet of plant sap. The recent discovery of silenced copies of genes for tryptophan biosynthesis (trpEG) in certain Buchnera lineages suggests a decay in symbiotic functions in some aphid species. However, neither the distribution of pseudogenes among lineages nor the impact of this gene silencing on amino-acid availability in hosts has been assessed. In Buchnera of the aphid Diuraphis noxia, tandem repeats of these pseudogenes have persisted in diverse lineages, and trpEG pseudogenes have originated at least twice within this aphid genus. Measures of amino-acid concentrations in Diuraphis species have shown that the presence of the pseudogene is associated with a decreased availability of tryptophan, indicating that gene silencing decreases nutrient provisioning by symbionts. In Buchnera of Diuraphis, rates of nonsynonymous substitutions are elevated in functional trpE copies, supporting the hypothesis that pseudogene origin and persistence re£ect a reduced selection for symbiont biosynthetic contributions. The parallel evolution of trpEG pseudogenes in Buchnera of Diuraphis and certain other aphid hosts suggests that either selection at the host level is not e¡ective or that ¢tness in these aphids is not limited by tryptophan availability.
INTRODUCTION
Bacterial endosymbionts occur in several insect groups which feed on nutritionally unbalanced diets, including tsetse £ies, carpenter ants, cockroaches and sap-sucking insects (Sternorrhyncha: aphids, white£ies, scales and psyllids) (Buchner 1965; Munson et al. 1992; Moran & Baumann 1994 ; P. Baumann et al. 1997; Moran & Telang 1998) . The relationship between aphids and their primary bacterial endosymbiont Buchnera is particularly well characterized physiologically and genetically. Like other primary endosymbionts of insects, Buchnera are localized within specialized insect cells (bacteriocytes) near the gut. Experimental studies have shown the critical importance of Buchnera in provisioning essential amino acids to aphid hosts, which feed on a restricted diet of plant phloem sap that is abundant in carbohydrates but de¢cient in amino acids and other nitrogenous compounds Douglas 1998) . Given their importance in the symbiosis, amino-acid biosynthetic genes of Buchnera are expected to experience strong host-level selection for functionality (P. Baumann et al. 1997; Rispe & Moran 2000) .
Despite their small genome size (Charles & Ishikawa 1999; Wernegreen et al. 2000) , Buchnera retain many functional genes for amino-acid biosynthesis. In Buchnera of many aphid species, the ¢rst and rate-limiting enzyme of tryptophan production, anthranilate synthase (TrpEG), is encoded in tandem repeats on multicopy plasmids, resulting in an e¡ective ampli¢cation of up to 16-fold that of chromosomal loci (Lai et al. 1994; Rouhbakhsh et al. 1996 Rouhbakhsh et al. , 1997 Baumann et al. 1999 ). Likewise, leucine biosynthetic genes (leuABCD) often occur on plasmids which also encode replication proteins (RepA1 and RepA2) similar to those of the IncFII incompatibility group (Van Ham et al. 1997; Baumann et al. 1999) . Tests of phylogenetic congruence have shown that plasmids are vertically inherited with the rest of Buchnera genome (Lai et al. 1994; Rouhbakhsh et al. 1997; Silva et al. 1998; J. J. Wernegreen and N. A. Moran, unpublished data) . However, discoveries of pseudogenes at tryptophan biosynthetic genes in Buchnera of Diuraphis noxia , Uroleucon sonchi (L. Baumann et al. 1997) and Pemphigus spyrothecae (Van Ham et al. 1999) have raised questions about the e¡ectiveness of host-level selection on symbiont functions. In Buchnera of a pest isolate of D. noxia, trpEG pseudogenes occur as seven tandem repeats alongside a single, functional copy on the trpEG plasmid, reducing the e¡ective ampli¢cation of functional trpEG to an average of only 1.8-fold compared to a 16-fold ampli¢cation in the related aphid species Schizaphis graminum (Thao et al. 1998) .
Silencing of trpEG may be adaptive if aphid hosts obtain relatively high levels of essential amino acids in their diet. Phloem of Sonchus oleraceus, which is ingested by U. sonchi, is exceptionally rich in essential amino acids (45% of the total amino acids, compared with 15^30% for most plants) . Likewise, D. noxia enhances its relatively poor diet of barley, wheat and other grasses by in£icting systemic structural damage which releases the plant cell contents and elevates levels of essential amino acids in phloem (Telang et al. 1999) . Damage-induced enhancement of tryptophan levels is accompanied by increases in other essential amino acids, which tend to covary in phloem sap Telang et al. 1999) . The relatively low copy number of leucine plasmids in Buchnera^D. noxia (two plasmids per chromosome, compared to 24 for BuchneraŜ . graminum) (Thao et al. 1998) supports the hypothesis of a generally reduced need for essential amino acids in D. noxia. In addition, the concentration of nucleotide substitutions in the pseudogene trpEG repeat at the N-terminus of trpE suggests adaptive silencing . Combined, these data suggest that D. noxia may ingest su¤cient levels of essential amino acids, in which case selection may favour the silencing of genes for the biosynthesis of an amino acid which is toxic when overabundant. Several hypotheses for the occurrence of trpEG pseudogenes in D. noxia are plausible. First, this genotype was described from a single, introduced strain and might re£ect an ephemeral, deleterious state restricted to the genetically depauperate North American population which was initially examined. Second, the gene silencing might not a¡ect host nutrition, since other regulatory mechanisms might underlie overexpression of the functional trpEG copy. Third, pseudogenes might re£ect relaxed selection for tryptophan overproduction in these aphids due to a decreased dependence of aphid ¢tness on tryptophan availability.
In the current study, we explored the distribution of pseudogenes among populations of D. noxia and across other Diuraphis species. In order to examine host-level phenotypic consequences of trpEG pseudogenes, we compared the physiological availability of tryptophan in D. noxia, which possesses pseudogenes, and Diuraphis mexicana, a closely related species which lacks pseudogenes. In addition, we assessed the e¡ectiveness of selection on tryptophan biosynthetic capacities across Buchnera of several Diuraphis species by testing for the relaxation of purifying selection at functional trpEG loci. We found that pseudogenes are an ancient, universal feature in D. noxia and have arisen independently in Diuraphis lineages. Their occurrence is associated with a reduction in the tryptophan availability in hosts. Furthermore, sequence analyses of functional trpEG loci indicated a reduction in purifying selection throughout Diuraphis. Together these ¢ndings support the hypothesis that, compared to other aphids, the ¢tness of Diuraphis is less dependent on tryptophan availability.
MATERIAL AND METHODS

(a) Aphid samples
Geographically diverse strains, including both native and introduced populations, were obtained in order to assess the distribution of trpEG pseudogenes within Buchnera^D. noxia. D. noxia is indigenous in the Mediterranean area and/or southern Russia (Blackman & Eastop 1984; Halbert & Stoetzel 1998) where it is relatively genetically diverse (Puterka et al. 1993) . Recently introduced populations occur on cereal crops in North America (introduced around 1986) and South Africa (introduced around 1978) (Puterka et al. 1993; Halbert & Stoetzel 1998) . Our collections were from Lebanon, Syria, Morocco, the USA (Nebraska and Texas) and South Africa. The US samples were grown in the laboratory from a single, female, parthenogenetic aphid in order to ensure genetic homogeneity, the samples from the Mediterranean area were collected in the ¢eld and cultivated in the laboratory for a few generations before sampling, and the South African samples were collected directly from the ¢eld. In addition, we obtained single collections of three related species from laboratory-grown cultures: Diuraphis tritici, D. mexicana and Diuraphis frequens (table 1). Like D. noxia, both D. tritici and D. frequens are pests of cereal crops, whereas D. mexicana occurs on wild grass species (Halbert & Stoetzel 1998) .
(b) Genes examined
A 300 base pair (bp) region upstream of trpE and approximately two-thirds of the trpE gene (1065 nucleotide portion) were sequenced for several D. noxia isolates and for each Diuraphis species. For comparison, the entire dnaN gene (1107 bp), which encodes the b-subunit of DNA polymerase III, was also included.
(c) PCR ampli¢cation and DNA sequencing
Total genomic DNA was extracted from individual aphids as described previously . Buchnera-speci¢c polymerase chain reaction (PCR) primers were designed from published trpEG sequences for Buchnera^D. noxia in order to amplify the following:
(i) a region of the trpE functional and pseudogene copies combined, for gel quanti¢cation analysis of BuchneraD . noxia trpE (see below) and PCR screens for pseudogene trpE copies across Diuraphis species; (ii) the functional trpE copy only, in order to con¢rm the identity of these copies in Buchnera^D. noxia isolates; (iii) the trpEG repeat, in order to determine the size of the repeat and to perform an independent screen for pseudogene and functional trpE copies across species (table 2) .
The PCR reactions were performed with annealing temperatures of between 50 and 60 8C. PCR products were cleaned with Concert Rapid PCR puri¢cation columns (GibcoBRL) and DNA sequences were obtained directly from PCR products or TA clones of PCR fragments (Invitrogen TOPO-TA cloning kit; Invitrogen, Carlsbad, CA, USA) as described previously . Approximately one-third of each region was sequenced on both strands and no con£ict between strands was observed.
The GenBank numbers for Buchnera^Diuraphis trpE and dnaN sequences obtained in this study are AF213917^AF213935.
Previously published sequences used in the analyses included the following: trpE of Buchnera^D. noxia (Idaho sample) (L46769), Buchnera^Acyrthosiphon pisum (L43555) and Buchnera^S. graminum (Z21938), and dnaN of Buchnera^A. pisum (AF197895) and Buchnera^S. graminum (AF008210).
(d) Gel quanti¢cation of functional and pseudogene trpE copies across BuchneraD . noxia isolates
The functional trpE gene possesses an EcoR1 site in the Idaho Buchnera^D. noxia. This site is disrupted in all pseudogene copies . After verifying the loss of this restriction site in newly characterized trpE pseudogenes of Buchnera^D. noxia from sequence data (see } 2(c)), we used this site to separate functional and pseudogene copies across geographically diverse populations. A 1458 bp region of pseudogene and functional trpE copies was ampli¢ed using primers which match the pseudogene and functional copies equally well (primer pair 1 in table 2) and incubated with EcoR1 in order to fully digest the functional gene fragment into two fragments. Digested PCR fragments were loaded at several concentrations on 2% agarose gels beside Lai et al. (1996) showed that the ratio was 7:1 for an Idaho population. Figure 2 . Relationships between functional and pseudogene trpE genes of Buchnera associated with several Diuraphis species and other aphid groups, based on maximum parsimony. Buchnera taxa are labelled by their aphid host species. Only those bootstrap values above 70% are given (in bold at nodes). Functional trpE copies are labelled in bold.
DNA of known quantities, and gels were stained with the nucleic-acid dye GelStar. The relative intensity of £uorescent staining in each band was calibrated with DNA concentration standards in order to estimate the mass of DNA in each trpE fragment (Whole Band Analyzer v. 3.2, Bioimage). For a given sample, the mass of DNA in undigested (pseudogene) and summed masses of the two digested (functional) trpE fragments were compared in order to estimate the ratio of pseudogene to functional trpE copies in Buchnera genome. The error introduced by gel quanti¢cation was determined by estimating the amount of DNA in several standard samples of known concentration.
(e) Analysis of sequence data
Translated protein sequences of functional loci and DNA sequences of pseudogene loci were aligned using the Clustal option of Megalign (DNAstar) and corrected by hand when necessary. The DNA sequences of functional loci were ¢tted to the amino-acid alignments. The criterion for pseudogenes was the presence of multiple frameshifts and point mutations introducing stop codons. Pseudogene copies had many such mutations, whereas functional copies lacked them. In addition, as expected for functional protein-coding genes only, functional copies had higher levels of synonymous than nonsynonymous divergence (see } 3(c)(ii)). Phylogenetic analysis was performed using the parsimony option of PAUP 4 * (v. 4.0b2, written by D. L. Swo¡ord) and the strength of support for nodes was estimated using bootstrapping (100 replicates). Relative rate tests were performed using the method of Muse & Weir (1992) based on the number of replacement and silent substitutions between species as estimated by the Diverge command of the Genetics Computer Group in 1997 (GCG). Evolutionary rates were compared along the lineages leading to Buchnera^D. noxia and Buchnera^A. pisum, using Buchnera^S . graminum as an outgroup. In order to exclude the possibility of a genome-wide rate increase in Buchnera^D. noxia, the same test was performed for synonymous sites at trpE and all sites in Buchnera`housekeeping'genes 16S rRNA and dnaN.
Pairwise estimates of nonsynonymous (d N ) and synonymous (d S ) divergences and the ratio of d N /d S were calculated using the maximum-likelihood-based method of Goldman & Yang (1994) which explicitly accounts for base compositional biases and provides a more realistic evolutionary model for the extremely AT-rich sequences of Buchnera (implemented with the codeML package of PAML) (Yang 1997 
(f ) Amino-acid analysis
Physiological availability of tryptophan was assessed as its concentration within the free amino-acid pool within aphid body £uids of D. noxia, which has trpEG pseudogenes, and D. mexicana, which possesses only functional trpEG copies. For each estimate, 3^5 mg of aphids were transferred to a microfuge tube and frozen at 7 80 8C until use. Aphids were crushed with a pestle, resuspended in 100 m l of 80% methanol, further homogenized and centrifuged (10 min at 10 000 rpm). Twenty microlitres of the supernatant were transferred to a new tube, dried in a Speed-Vac, resuspended in LiS Bu¡er (Beckman) and stored at 7 20 8C until analysis. The samples were analysed at the University of Arizona Laboratory for Protein Sequencing and Analyses using a Beckman 7300 (post-column, ninhydrin method) dedicated amino-acid analyser using methods described previously (Telang et al. 1999) . Three replicates were performed for the D. noxia samples in order to estimate the measurement error.
RESULTS
(a) Persistence of trpEG pseudogenes across
Buchnera^D. noxia populations All of Buchnera^D. noxia populations sampled from the Mediterranean area, South Africa and North America possessed a large proportion of trpE pseudogene copies relative to functional trpE genes (¢gure 1). A gelquanti¢cation assay showed similar ratios of pseudogene to functional copy numbers across locations. This ratio is the same or close to 7:1, the number of functional and pseudogene copies per plasmid as previously documented for an Idaho strain (table 3) .
Several pseudogene and functional trpE copies were sequenced in order to determine whether trpE pseudogenes in di¡erent Buchnera^D. noxia populations are homologous or, alternatively, whether they had independently lost the EcoR1 restriction site. Based on direct sequencing of PCR products for functional copies (primer pair 2 in table 2), each D. noxia isolate had a functional trpE gene identical to that previously published . All sequenced Buchnera^D. noxia trpE pseudogenes lacked the EcoR1 restriction site, which con¢rmed its diagnostic value. The fact that most substitutions distinguishing trpE pseudogenes from the functional gene are shared among all of Buchnera^D. noxia isolates indicates that pseudogenes arose in a common ancestor and persisted throughout the divergence of these populations. The deletion leading to two repeat sizes was also present in all populations, as ampli¢cation of the trpEG unit (primer pair 3 in table 2) yielded fragments of 2.6 and 3.2 kb, the sizes previously reported for the Idaho isolate .
(b) Independent origins of trpE pseudogenes in
Buchnera of Diuraphis Two variants of the trpE pseudogenes were identi¢ed in Buchnera^D. frequens (¢gure 2). The two pseudogenes share several single-nucleotide deletions, their disrupted reading frames each contain several stop codons, and one allele has a 140 bp deletion (¢gure 3). Buchnera^Diuraphis frequens may also possess a functional trpEG locus, but none was detected with the techniques used here. In contrast, only functional trpE copies were identi¢ed in Buchnera of D. tritici and D. mexicana. Relationships between the Diuraphis species based on both trpE (¢gure 2) and dnaN sequences (tree not shown) are consistent with the subgeneric taxonomic grouping (D. tritici and D. frequens in subgenus Holcaphis and D. noxia and D. mexicana in subgenus Diuraphis) (Blackman & Eastop 1984) . Sequences upstream of trpE support previous reports of conserved, short sequences which may constitute a feature of the TrpEG plasmid origin or a trpE promotor (see electronic Appendix A available at The Royal Society Web site).
(c) Molecular evidence for relaxed selection at trpE in Buchnera^D. noxia The hypothesis of reduced purifying selection at the functional trpE gene of Buchnera of Diuraphis was examined by testing for elevated rates of nonsynonymous substitutions in this lineage.
(i) Relative rate tests
Consistent with the hypothesis of relaxed selection on trpE protein function, a rate increase was observed at nondegenerate sites of trpE (1.65-fold increase) ( p 5 0.05). No increase was observed at synonymous sites of trpE, 16S rRNA, or any site category of dnaN (table 4), suggesting that the change in the e¡ectiveness of selection is not a genome-wide phenomenon. (table 5) suggesting an overall reduction in the e¡ectiveness of selection on symbionts which was not detectable with the relative rate test above.
(d) Amino-acid pro¢les
The levels of tryptophan in body £uids were much lower for D. noxia, the species possessing an excess of trpEG pseudogenes, than for D. mexicana, the closely related species which possesses functional trpEG only (¢gure 4). Low variation around the three replicate samples of D. noxia indicates minimal measurement error of the amino-acid levels.
DISCUSSION
In most bacterial species interstrain recombination obscures the phylogenetic origin of particular alleles. However, the trpEG plasmids of Buchnera are vertically transmitted with the rest of the genome, as demonstrated by molecular phylogenetic studies at a variety of phylogenetic depths (e.g. Rouhbakhsh et al. 1997; D. J. Funk, J. J. Wernegreen and N. A. Moran, unpublished data) . Therefore, the discovery of homologous pseudogenes across BuchneraD . noxia indicates that they originated before and have persisted throughout the divergence of the geographically diverse populations sampled here. Furthermore, the possibility that the pseudogenes represent the rapid spread of a very recent mutation, for example that present in a strain of D. noxia which happened to spread as an introduced crop pest, is contradicted by sequence analyses. Such a recent origin is not consistent with the considerable sequence divergence of the pseudogenes from the functional copy (ca. 7%) nor with the occurrence of sequence polymorphism at pseudogene loci across isolates.
Bacterial pseudogenes are generally somewhat rare (but see Andersson & Andersson 1999) and trpEG pseudogenes are particularly surprising since they occur in tandem repeats, which are typically recombined out of bacterial genomes at a rate three orders of magnitude higher than the rate of point mutation (Roth et al. 1996) . Mutational and/or selection-based mechanisms may account for the maintenance of these tandem repeats of disrupted open reading frames. First, the loss of recombination functions (including the recA pathway) (H. Ishikawa, personal commnication) may have lowered the rate of mutation to reduced repeat numbers; such increased stability of homologous repeats might be adaptive in most Buchnera, in which all trpEG repeats encode functional enzymes bene¢cial to host ¢tness. Second, selection may favour the preservation of repeats in order to conserve the number of dnaA boxes present in each repeat upstream of trpE (P. Baumann et al. 1997) . Because these sites titrate DnaA protein in the cytoplasm, sudden changes in DnaA concentrations may disrupt cell replication.
Independent pseudogene origins at tryptophan biosynthetic loci of Buchnera^D. noxia , D. frequens (this study),^U. sonchi (L. Baumann et al. 1997) ,^P. spyrothecae (Van Ham et al. 1999 ) and probablŷ A. pisum (Birkle & Douglas 1998) may result in part from a general lability of this plasmid which may be prone to point mutations or deletions that potentially silence gene function. Across Buchnera lineages, the elevated rates of synonymous divergence at trpEG as compared to chromosomal loci suggest elevated mutation rates on the plasmid Clark et al. 1999; J. J. Wernegreen and N. A. Moran, unpublished data) . Against this backdrop of increased evolutionary rates at trpEG, three lines of evidence in this study suggest exceptional lability in Buchnera of Diuraphis species: (i) elevated rates of nonsynonymous divergence at trpE of Buchnera^D. noxia, (ii) higher d N /d S ratios across Buchnera of Diuraphis species, and (iii) independent pseudogene origins in D. noxia and D. frequens. Despite an apparent reduction in selection for tryptophan biosynthesis, it is notable that Buchnera of Diuraphis retain at least one functional trpE copy (with the possible exception of BuchneraD . frequens), implying selection for maintaining some capacity for tryptophan biosynthesis. 
